BACKGROUND Intraoperative awareness with explicit recall is a potentially devastating complication of surgery that has been attributed to low anaesthetic concentrations in the vast majority of cases. Past studies have proposed the determination of an adequate dose for general anaesthetics that could be used to alert providers of potentially insufficient anaesthesia. However, there have been no systematic analyses of appropriate thresholds to develop populationbased alerting algorithms for preventing intraoperative awareness.
Introduction
Intraoperative awareness with explicit recall (AWR) of surgical events can be a devastating complication for patients, with significant psychological sequelae. [1] [2] [3] [4] [5] [6] The incidence of definite AWR in patients undergoing general anaesthesia is reported to be between 1 and 2 out of 1000 cases and as high as 3 to 4 out of 1000 cases for both possible and definite AWR events; [7] [8] [9] in patients at a high risk for AWR, the incidence approaches 1%. 10 It has been posited that the primary cause of AWR is insufficient anaesthesia (rather than, for example, genetic factors), 5, 11 suggesting that alerting protocols could prevent AWR if a specific threshold was identified.
Two common surrogates for anaesthetic depth are minimum alveolar concentration (MAC) measured by endtidal anaesthetic concentration (ETAC), and the bispectral index (BIS). Alerting algorithms based on either MAC or BIS values can be implemented easily to notify the provider of potentially insufficient anaesthesia. The rapid expansion of electronic Anaesthesia Information Management Systems (AIMS) allows for enhanced use of alerting algorithms with the potential to combine demographic, comorbidity, physiological and anaesthetic concentration variables. In addition, the AIMS allow the provider to be notified via pager of potentially insufficient anaesthesia even when the alarms on the primary monitoring system have been silenced.
Clinical trials investigating the prevention of AWR 9,10,12-14 used specific thresholds for potentially insufficient anaesthesia, with the provider being instructed to keep the BIS value between 40 and 60 or with audible alarms if the BIS or MAC values fell outside defined ranges. The MAC and BIS values chosen were based on previously published work, but to date, there has been no systematic study of the appropriate threshold for MAC or BIS alarms for the prevention of AWR based on prospectively collected data.
The parent trial for this study 9 investigated whether the use of alerting algorithms in cases randomised to either anaesthetic concentration or BIS values decreased the incidence of AWR. It did not investigate discrete MAC or BIS data elements to determine whether there is a specific value that would maximise sensitivity and specificity in the prevention of AWR or explore any changes in provider behaviour when alerts are generated. Therefore, the objective of this study was to test the hypothesis that there is an evidence-based alerting threshold for MAC or BIS values that would maximise the sensitivity and specificity of alarms aimed at preventing AWR. In addition, we sought to determine whether alerting the provider changes behaviour with respect to anaesthetic management in the prevention of AWR.
Materials and methods
This study is a prespecified secondary analysis of the Michigan Awareness Control Study (MACS) (ClinicalTrials.gov No. NCT00689091). 9 The parent trial and this secondary analysis were approved by the Institutional Review Board (IRB HUM 13626, initial study approval 14 August 2007) of the University of Michigan (2800 Plymouth Road, Building 520 Room 3214, Ann Arbor, Michigan, USA; Chairs, Drs Michael Geisser and John Weg). In brief, we screened all adult patients between May 2008 and May 2010 presenting to a multihospital healthcare system for surgery with general anaesthesia using an inhaled or intravenous anaesthetic. A detailed discussion with each patient took place and verbal informed consent was obtained and documented in our AIMS. Patients were excluded if the use of a BIS monitor was impractical (e.g. intracranial procedures, adhesive allergy, surgery involving the forehead) or an underlying brain disorder rendered the BIS a questionable measure of consciousness (e.g. history of traumatic brain injury). The BIS Quatro sensor (Covidien, Boulder, Colorado, USA) was attached preoperatively in all patients by a member of the research staff. Alerts to notify the provider of potentially insufficient anaesthetic dosing were based on either the age-adjusted MAC (aaMAC) 15 or BIS values. For the parent trial, aaMAC was calculated on the basis of prespecified age groups. 16 A detailed description of the randomisation and blinding is explained elsewhere 9, 17 and is briefly summarised here. The study was divided into year quarters (eight 3-month periods over 2 years), with MAC and BIS alerting algorithms assigned randomly for each quarter. For the MAC alerting rooms, the real-time BIS values were hidden from the provider's view. In addition, if the median ETAC for a 5-min epoch was less than 0.5 aaMAC, an alphanumeric paging alert was sent to the provider in the room. For the BIS alerting group, the BIS values were visible to the provider. In addition, if the median BIS value for a 5-min epoch was greater than 60, an alphanumeric paging alert was generated. A study team member contacted each patient and administered the modified Brice interview 28 to 30 days after surgery. 18, 19 As described previously, 9 after the modified Brice interview and additional interviews of potential AWR patients were performed, each event was categorised as no AWR, possible AWR or definite AWR. Data from other trials in which the authors were involved 12, 13 could not be included due to differences in data acquisition systems and incomplete records of alarm delivery.
For the MACS trial, Centricity (GE Healthcare, Madison, Wisconsin, USA) was the AIMS used for programming alerts and notifying providers via alphanumeric text paging. Centricity interfaces with the haemodynamic monitors (GE Marquette Solar 9500, Milwaukee, Wisconsin, USA) and also with the anaesthesia machine (AISYS Anaesthesia Machine; GE Healthcare). ETAC values were automatically calculated in real time from the expired volatile anaesthetic concentrations that were collected by the AISYS anaesthesia machine and transmitted to Centricity. BIS and ETAC data elements were electronically captured for every patient by the AIMS every 60 s and were available for later study extraction and analysis.
For this secondary analysis, we included cases in which inhaled volatile agents were used as the primary anaesthetic. We excluded total intravenous anaesthetic (TIVA) cases, any case for which a propofol infusion was used in conjunction with a volatile anaesthetic and any case with missing volatile anaesthetic data due to infrequent AIMS data interface issues.
Secondary analysis methodology
All cases were reviewed to ensure complete data for ETAC and BIS values from an electronically documented time of 'anaesthesia induction end' to the time of 'request for postanaesthesia care unit (PACU) bed' or 'transport to the ICU'. For this secondary analysis, aaMAC was calculated on the basis of the age documented in the AIMS at the time of operation and not on the prespecified age groups as in the parent trial. 15 The surgery was divided into 5-min epochs (during the AIMS timestamps listed previously) and the median ETAC was calculated for each of those 5-min epochs. The overall median ETAC was also calculated for each case. The same technique was used for patients with valid BIS monitoring data.
Data were analysed using two different methods to determine a single threshold for the prevention of AWR for ETAC and BIS values. First, the data were dichotomised by whether any 5-min epoch was below (aaMAC) or above (BIS) a set value throughout the case. The maximum sensitivity, specificity and Youden's index were calculated. Second, the median ETAC and BIS values for the case were analysed using a receiver operating characteristic curve c-statistic. If the c-statistic demonstrated adequate discriminating capacity (>0.70), then the value with the maximum sensitivity and specificity would be computed and retrospectively applied to the database to determine a single threshold for the prevention of AWR.
To investigate whether the alerting algorithm changed provider behaviour, we first calculated the percentage of the case during which the anaesthetic concentrations triggered the alarm. This percentage was calculated by dividing the number of 5-min epochs that met the ETAC alerting threshold by the number of 5-min epochs overall. We chose to present the data as the percentage of the case duration instead of total minutes of the case to account for the variance in length of procedures. A control group that had no real-time alerting interventions, distinct from the ETAC and BIS groups, was used to explore whether there is a behavioural effect by retrospectively applying the ETAC alerting algorithm. This group received neither BIS nor MAC alerts yet was still assessed for AWR; the anaesthetic was delivered on the basis of routine clinical and haemodynamic variables. The control group resulted from technical interface issues from the parent trial and was not prespecified. 9 However, as there was a 'no intervention' group that resulted from MACS, we could assess whether there was a behavioural effect attributable to having alerts generated throughout the case. This was accomplished by retrospectively applying the ETAC alerting algorithm to the 'no intervention'
group and calculating what percentage of time the case would have triggered an alarm if an algorithm had actually been active in real time. The percentage of the case during which the anaesthetic triggered the ETAC alerting algorithm was then compared between the original ETAC intervention arm and the post hoc control group. The mean percentage of the case that triggered an alarm was also examined for a change in behaviour across the study period for both the ETAC and BIS arms. If the mean percentage changed across the quarters, this would indicate that anaesthetic delivery behaviour had changed.
Statistical analysis
Due to the low incidence of definite AWR in the parent trial and the potential psychological impact of possible AWR, we combined definite and possible AWR events into one category for this secondary analysis. To determine whether there was a single threshold that maximises sensitivity and specificity for the prevention of AWR, aaMAC for all cases was dichotomised by whether the case did or did not have any 5-min median epochs in which the aaMAC was less than 0.4, less than 0.5, less than 0.6, less than 0.7, less than 0.8 or less than 0.9. The same dichotomising technique was used for cases with valid BIS data that had at least one 5-min median epoch with BIS more than 60, more than 70, more than 80 or more than 90. The baseline BIS threshold was set at 60 because this generally represents the threshold between general anaesthesia (<60) and sedation or wakefulness (>60). 20 Sensitivity, specificity and Youden's index were then calculated to determine whether there was an optimal threshold for the prevention of AWR for either aaMAC or BIS. The Youden's index was calculated as (sensitivity þ specificity -1). 21 A Youden's index of 1 would indicate that the threshold is perfect and a Youden's index of 0 would indicate that the threshold has no diagnostic value in the prevention of AWR. 21 Next, a c-statistic was calculated from a receiver operating characteristic curve to determine whether there was a single diagnostic threshold for either ETAC or BIS that can be quantified for prevention of AWR. If the c-statistic was deemed adequate (>0.70), then the continuous data for both aaMAC and BIS would be analysed to determine the specific threshold in the prevention of AWR.
A Mann-Whitney U test was performed to assess whether providers receiving the original MAC alerts differed statistically when compared with the 'no intervention' (i.e. no alert) group for the entire time period and by quarter of the study. To determine whether there was a behavioural change, as documented by a significant difference in the percentage of the case that triggered an alert for potentially insufficient anaesthesia, a Kruskal-Wallis test was performed for both MAC and BIS arms across the study period. Data are displayed as the mean percentage of the case to trigger an alert AE 2 x SEM. SPSS version 20 (IBM Corp, Armonk, New York, USA) was used for all analyses. Data extraction from AIMS was completed using structured query language. A P value of less than 0.05 was considered statistically significant throughout.
Results
The parent trial had a total of 18 836 patients with complete information on the AWR outcome. We excluded 231 cases because of the use of TIVA, 297 for agent analyser device technical issues and 2240 for use of an adjunct intraoperative propofol infusion. This resulted in a dataset of 16 068 patients, with a total of 32 definite or possible AWR events (Fig. 1 ).
Youden's index did not demonstrate a single threshold for aaMAC or BIS values in the prevention of AWR ( Table 1 ). The c-statistic for median aaMAC was 0.431 AE 0.046 and 0.491 AE 0.056 for BIS, indicating that there is not a specific threshold that can be calculated for the prevention of AWR when using either aaMAC or BIS values. There were 10 patients who experienced an AWR event with BIS values <60 (median for 5-min epoch) for the entire case.
When applying the ETAC alerting algorithm retrospectively to the 'no intervention' (i.e. no alert) cases, we determined that cases randomised to MAC alerting had a statistically shorter mean percentage of the case that generated an alert for potentially insufficient anaesthesia than the 'no intervention' cases (2.4% AE 7.5 vs. 3.1% AE 8.5%, P ¼ 0.009). Four of the eight year quarters demonstrated these findings, although the remaining quarters did not reach statistical significance (Fig. 2) . In the trend analysis by study period, the mean percentage of the case that triggered a potentially insufficient anaesthetic alert in the ETAC arm increased significantly (P < 0.001) (Fig. 3) . However, the mean percentage of the case that generated a BIS alert via the alerting algorithm did not change across the study period (P ¼ 0.38) (Fig. 4) .
Discussion
Population-based alerting in the prevention of AWR is important to consider because retrospective evidence shows that approximately 87% of all AWR cases are attributable to insufficient anaesthesia. 5 An editorial by Nickalls and Mahajan 11 presented a parsimonious approach by stating that all cases of AWR are attributable to insufficient anaesthesia unless there is compelling evidence to the contrary. They suggested that a populationbased adequate dose for anaesthetics should be identified and implemented for the prevention of AWR. 11 In the present study, we analysed discrete surrogate metrics of Alerting thresholds for awareness prevention 349 anaesthetic depth (ETAC and BIS) in order to identify a single diagnostic threshold for the systematic prevention of AWR. We have demonstrated that, in patients undergoing general anaesthesia in which only volatile anaesthetics were used, there is no population-based threshold that could be used as an alert in the prevention of definite or possible AWR using either ETAC or BIS. The population data from Youden's index suggest that the thresholds studied would not result in the eradication of AWR.
The thresholds that we selected in the current study were representative of what would be considered standard of care aaMAC for patients under general anaesthesia. Concentrations higher than 1.0 aaMAC were excluded from this analysis because of very high false positive alarms at thresholds of at least 0.7 MAC. 16 It is important to note that Youden's index incorporates data on both sensitivity and specificity. As Table 1 indicates, lower alerting thresholds (e.g. higher anaesthetic concentrations) increase sensitivity at the cost of decreasing specificity. Thus, including thresholds of AWR alerting beyond 1 MAC would further increase sensitivity, but would probably not increase Youden's index due to the concomitant decrease in specificity. In addition, the c-statistics indicated that, for both aaMAC and BIS, there was approximately a 50% chance (essentially random) of determining the correct threshold in the prevention of AWR using a population-based approach. 21 To date, multiple randomised controlled trials have been conducted using a population-based alerting (or monitoring) strategy in which a specific alarm or range for ETAC or BIS was established for the prevention of AWR.
9,10,12,13,22 Myles et al. 10 found that BIS monitoring (maintained between 40 and 60) was associated with a relative risk reduction of 82% in surgical patients at a high risk for AWR when compared with routine monitoring. The next two trials used audible alerts to notify the provider of potentially insufficient anaesthesia in patients at a high risk of AWR. Avidan et al. 12, 13 found that both BIS and ETAC alarms reduced observed awareness events compared with the expected incidence. Mashour et al. 9 included unselected surgical patients requiring general anaesthesia and demonstrated that BIS alerting protocols reduced the incidence of definite or possible AWR compared with no intervention. The persistence of AWR in previous trials suggests that population-based alerting approaches for insufficient anaesthesia will not eradicate AWR. The current study adds to the literature by suggesting that it was not simply the empirical or arbitrary determination of alerting thresholds in past trials that failed to eradicate AWR because our systematic analysis and comparison suggest that no one threshold exists. Rather than arguing that BIS or ETAC alerts are not useful, we would instead encourage clinicians to choose some threshold to prevent egregious causes of AWR (such as an empty vaporiser). Past randomised controlled trials demonstrate that alerts are, in fact, associated with reduced AWR.
At an individual level, we know that there is a specific threshold at which a given patient will be likely to experience AWR. The identification of such a threshold will, in the future, probably be guided by risk factors for AWR coupled with more sophisticated monitoring. Previous work has reported specific patient-based risk factors for AWR. 5 Further identification of risk factors, in conjunction with developments in monitoring the neural substrates of consciousness, must ultimately be incorporated into prevention strategies for AWR at an individualised level.
Fundamentally, individualised alerting strategies would not be beneficial without establishing evidence that realtime alarms are capable of changing behaviour. We have demonstrated that real-time alerting alters the administration of anaesthetics. When retrospectively applying the MAC alerting algorithm to the 'no intervention' cases in the parent trial, the providers who were not alerted to potentially insufficient anaesthesia had lower MAC values throughout the case than those who were alerted in real time. This indicates that the providers receiving alerts were statistically more likely to keep the anaesthetic concentration within the stated range for the trial and, we infer, changed their behaviour to do so. These results confirm other previously published studies that [23] [24] [25] [26] [27] [28] [29] [30] When alerting is used to notify providers to change behaviour, there is the potential for alert fatigue, which is defined as the provider becoming less responsive due to an alarm becoming bothersome or ineffective. Alert fatigue is an increasingly prevalent phenomenon in the medical community, especially with the rapid advancement of electronic medical records. [31] [32] [33] Block et al. 34 surveyed anaesthesiologists practising in the USA and found that 70% of the times that alarms were silenced were due to the perception of a false alarm. Only 16% of providers stated that they never turn off alarms. 34 Therefore, it is imperative to minimise false alarms -and, consequently, alert fatigue -in developing an alerting strategy for AWR, a difficult task given the rarity of the outcome. This is one reason why the current study focused on both sensitivity and specificity. We found evidence of alert fatigue as well as possible desensitisation to ETAC alerts across the study period. The mean percentage of the case that generated an ETAC alert changed significantly during the last quarter of the trial, with alerts having increased approximately 1.2% from the previous quarter and 1.5% from the beginning of the study. These data could indicate that the providers thought the alerts were false alarms and therefore were becoming desensitised and fatigued as the study continued (delayed alert fatigue). However, these findings were only found in the last quarter of the study and could also be an outlier. The BIS alerting rate was consistent throughout the study and showed no evidence of generating desensitisation or alert fatigue.
The main limitation of this study was the small number of AWR outcomes in our population (n ¼ 32). To move towards an individualised alerting approach, a multinomial logistic regression model must be developed that incorporates patient-specific risk factors (such as history of AWR) 35 along with anaesthetic concentrations and, if possible, neurophysiological indices. Furthermore, we used the median from a 5-min period and must acknowledge that the individual BIS or MAC values could have nonetheless fluctuated in a way that might not be detected with our methodology. Finally, the current study only investigated a threshold using general anaesthesia with inhaled anaesthetics and is therefore not generalisable to cases performed using TIVA.
Alerting thresholds for awareness prevention 351 neurobiology of consciousness. 36, 37 Finally, we were able to demonstrate that providing alerts via an AIMS can influence intraoperative care, but ETAC alerting has the potential for desensitisation and alert fatigue.
